In this paper, we propose a combination of different techniques to reconstruct the 3D-allocation of the different layers inside special optical fibre preform. These techniques allow for securing full information about the layers with pure silica, erbium-doped silica, as well as air channels geometry.
Introduction
The optical fibers are widely used in telecommunications, sensor systems and other areas of science and technology [4, 6] . Usually silica glass optical fibers are manufactured from fiber preforms that may be produced using several well-known techniques (MCVD -Method of Chemical Vapor Deposition, VAD -Vapor Axial Deposition, OVD -Outside Vapor Deposition and their modifications) [7] . Then the preform usually passes the stage of mechanical processing and after that it should be drawn at the fiber draw tower [3] . The manufacturing technology of standard telecommunication fibers is well understood and controllable, but there is still significant scope for improved fabrication of non-conventional fibers designed for optoelectronical circuits. In the case of active fiber, the technological process has the following differences [1] . During the chemical vapor deposition the preform core is doped not only by the germanium oxide, but also by the erbium oxide to achieve the luminescence in the fiber at the wavelength of 1550 nm. In the case of polarization-maintaining (PM) fiber, after the deposition, the preform goes to the stage of air-channel drilling (air-channels are used for the insertion of the stressrods that will cause the birefringence in the fiber). The major parameters under control are: outer preform diameter at the stage of MCVD process during the deposition (including deflection control) and outer surface 3D-geometry; erbium dopant 3D-distribution along the preform length; air channels 3D-geometry. The glass refractive index depends mainly on concentration of germanium, therefore, erbium concentration cannot be measured using optical techniques. The spatial 3D-distribution of refractive index along the preform as well as in cross section is also important, but at present it is successfully controlled by the conventional instruments.
Preform outer diameter control
The first technological stage that we are going to discuss is outer diameter control and preform 3D-reconstruction.
The MCVD process requires the stability of the quartz tube temperature (the tube that will become a part of fiber optic preform) in the heating zone by changing the flow rate of hydrogen in the burner. This flow rate is adjusted according to the readings of the optical pyrometer. The level of doping of the precipitate varies according to the program given by adjusting the supply of reagent vapors to the reaction zone. Many years' experience of utilization of this process revealed the need for continuous monitoring of the outer diameter of the pipe during the deposition process and especially when the tube is collapsing. It should be noted that a considerable time of the deposition process (several hours) leads to the evaporation of quartz from the outer surface of the pipe and reduces its diameter.
Collapse of the tube (transformation into the preform) is usually carried out in several passes, during each of them the outer diameter of the pipe should be changed by a certain value. The need to impose strict limitations on the deviation of the tube from cylindrical shape (no more than 5% of the nominal diameter) also requires continuous monitoring of its geometry. Until now, the control of the tube dimensions has been performed visually by the operator with use of the 173 mm working distance microscope. Under the strong thermal radiation from the tube, this technique did not provide the required accuracy and stability of the technological process. Measuring the preform diameter by contact methods is also excluded since any measuring instrument can damage the heated rotating preform. Moreover, not all the MCVD lathe in the basic configuration are equipped with a system for contactless measurement of the preform outer diameter, therefore manufacturers of fiber-optic light-guides are forced to find their own technical solutions.
In line with the above, a technique for non-contact measurement of the geometric characteristics of cylindrical preforms was developed by usage of a megapixel CCTV camera with the interface USB 2.0 VEC 545 (LLC "EVS", St. Petersburg) and our own software (Fig. 1) . Fig. 1 . Developed MCVD preform geometry control software [5] .
To enlarge the image obtained from the camcorder, the Computar TG10Z0513FC-2 lens with a four-fold gray protective filter is used. The video camera is mounted on the bracket of the pyrometer of the MCVD lathe. The software supplied with the camera does not provide any information processing; for this purpose, a special own utility has been developed. The developed software has a user-friendly interface. The user has an access to the video image settings directly in the program, without having to run driver's user interface, and select the area under investigation, which greatly simplifies and speeds up the calculations. At the user's request, the spatial orientation of the sample can be changed, the filtering on the RGB color components or the image inversion can also be turned on or off.
The software allows the use of threshold and correlation algorithms to determine the diameter of the preform. At a constant burner temperature and stable lighting conditions, it is appropriate to use the threshold algorithm:
where , is the image data array describing the variation of brightness; ! and ! are the lowest and the highest threshold values. The differences in brightness in both horizontal and vertical dimensions can be written as
where , is a raw image data array (single frame) and is a differential calculation step. In the case of dramatic temperature changes the correlation algorithm could be applied:
is a cross-correlation value of , image and
reference image saved at preform temperature ; and are their mean values over j. All these techniques enable on-line geometry control during the MCVD-process. The next stage is off-line 3D-reconstrucion of preform geometry. Due to the high noise level during the MCVD process the received data should be filtered. We used the Discrete Wavelet Transform (DWT) package for this purpose.
At the first stage of the analysis, the initial processing is performed over the available time series (after the MCVD stage the preform raw geometry parameters are presented as Preform Center and Preform Diameter), the methods of which include the graphical representation of the initial series in the time domain, as well as the elimination of the trend of the series. In the simplest case, this is the elimination of the constant term (centering the series). Next, the rows are processed using a continuous wavelet transform with the parent Daubechies wavelet of orders 1-10. As a result, we obtain the scalings of the wavelet coefficients of expansion and the lines of the local maxima so-called skeleton transformations. It is known that if the data contain harmonic or quasi-harmonic components, the topographic map of the skeleton will consist of lines oriented along the vertical scale axis. In the case of a noise component, the skeleton lines are stretched in a perpendicular direction, i.e. parallel to the horizontal time axis. Thus, visually estimating the skeleton lines, even at the first stage of the study, it is possible to select highly noisy signals (Fig. 2) . Batch data processing on the basis of the MatLab platform, WaveletToolbox, was used. The second stage of the study is the identification of the noise components of the signal. Let the signal model have the form of an algebraic sum s(t) = f(t) + σe(t), where f(t) -desired signal, e(t) -noise, σ -noise amplitude, s(t) -signal under test.
Standard SoftThresholding procedure corresponds to the wavelet coefficients transformation of the following form:
where λ is a predefined treshhold value. Thus, before performing the inverse wavelet transform, wavelet coefficients with absolute value below certain cut-off level are set to zero. As a parent wavelet in the construction of a wavelet filter, wavelet functions with a compact support, such as Daubechy wavelets, Coiflets and Symlets are usually considered. Coiflets are special case of Daubechies wavelets with vanishing moments of scaling function. Fig. 3 . Raw signal (red color) and denoised signal (blue one) using Coiflets.
The figure above demonstrates the effect of noise reduction. A filter with small scales corresponding to the lower part of the spectrum separates high-frequency components from the signal, which usually correspond to extraneous noise. Changing the scale, one can achieve complete suppression of high-frequency noise.
At the same time, however, there is a risk of distortion of the desired signal. In practice, it is more convenient to choose the scale after the transformation, by calculating the wavelet spectrum in a sufficiently wide range of scales. Then the necessary scales are selected on the spectrum map, and the inverse wavelet transform is produced. It should be noted that one can select two or more bands of the spectrum, not limited to only one area. This technique allows to calculate the frequencies at which the noise components appear and to identify the nature of noise. There is a certain relationship, though not obvious at first glance, between the concept of Fourier harmonics and the scale of the wavelet. The main point in this relationship is the inverse proportionality of the own frequency and scale, weighted by some conversion factor: = / , where -own frequency, a -scaling coefficient.
At present it is clearly seen that it is possible to build the preform 3D-surface reconstruction after performing all steps (see figure 4) . It is a very useful option in the case of the MCVD process automation, but it is not applicable as a quality test technique, because after the wavelet noise reduction the surface has non-uniformities tens or hundreds times bigger than they really are. 24-28 September 2017, Perm, Russia For the precise 3D-image (we shall talk about this in the final part of this article) we suggest to use the data from standard preform analyzer not related to the preform fabrication process.
The obvious drawback of the method of using a standard preform analyzer is a small sampling of the preform length coordinate. Long-term measurements are possible, but this is not always convenient for some applications; therefore, we recommend using both data from the lathe sensors and those obtained in the laboratory on standard equipment to construct a 3-D surface. Later in this article, we are also considering one more possible method -holography.
Erbium ions location data acquisition
The measurement is carried out using a pumping diode with a wavelength of 978 nm (near the erbium pumping wavelength), which illuminates the core of the preform from the side, and an integrated receiver with a quartz filter that passes only the luminescence band. The filter is located perpendicularly to the rays of the radiation source, which makes possible reducing the influence of the pump diode radiation on the results obtained. The erbium concentration, in this case, is directly proportional to the receiver's voltage. The results of a test preform measurement is presented below (Fig. 5 ) Thus, the basis of measurement is the luminescent properties of a material in the glass structure. Using this effect we have constructed an instrument ErGO-1 (Fig. 6) , Erbium Grand Observer, model 1.
It consists of precise optomechanics and electronic components that allow full radial scan of the preform. ErGO software is the managing application, that controls the positioning motor's and pump diode's drivers as well as ADC and other instrument units. It allows to obtain the comprehensive amount of data that could be used for the further visualization of erbium oxide distribution via every avaliable method (from MathLAB and Excel to GL Scene and other libraries and programs).
It is clearly seen that by changing the angle of investigation we can obtain the 3D-reconstruction of erbium dopant location in the preform. It is useful in the case of Large Mode Area (LMA) fibers. 
Air channels investigation
Air channels geometry is a very important thing which is needed to achieve the constant birefringence of the fiber along its length [2] . The main bottleneck is that contact measurements are not allowed as well as immersion of the preform into liquids. Here we present a non-contact technique that consists of the usage of the special fiber sensor inside the air channel. The fiber tip should be curved in a special way: its bending loss should not have strong influence on the signal attenuation, but it has to be placed perpendicularly to the air channel surface.
We have used a test sample to make a simple method demonstration. A short piece of preform with the drilled channels was mounted on nanopositioning stage, the sensor fiber which was connected with the IR-source and receiver via fiber coupler, is designed to measure the back-reflection optical power from the air channel surface.
After the first experiments we have found out that the amplitude back-reflection sensor does not have the expected performance. This is why we have transformed it into the interferometric scheme by adding the reference mirror with the adjustment microstage. We will report about the applicability of this setup as soon as comprehensive tests are performed.
The usage of holographic methods for preform investigation
The methods of holography are not yet widely spread in the field of optical fiber preform geometry properties study, but we think in future it can be applied for rapid analysis.
The process of digital reconstruction of holograms consists of calculating the backward propagation of light from the hologram to the reconstruction plane. The reconstruction process could be described by a finite discrete form of the Fresnel approximation for the integration of diffraction:
The parameters used in this formula to calculate the complex number in the image plane are given by a CCD matrix having an N × M pixel size and a pixel pitch Δξ and Δη in two orthogonal directions. The hologram is stored in array h (jΔξ, lΔη). The distance between the object and the CCD matrix is denoted by d, and as a rule d'= d. The complex coefficients do not depend on the hologram in question, they are contained in the data of the CCD-describing matrix.
Reconstructed image displays restoration of sharpness and borders of the smallest details.
As a test sample we have placed the preform with drilled air channels into the developed instrument. In the figure 7 we can observe the non-uniformities in silica as well as core and channels borders.
Fig. 7. Holographic image of the preform
The reason for use of the technique described is to distinguish the non-uniformities that conventional preform analyzer can not locate (for example, air bubble could be missed if its location does not coincide with the cross-section under test). After locating the non-uniformity the nearby area could be investigated more precisely using preform analyzer. Also we suppose it is possible to find some correlation with refractive index (RI) of the preform layers.
Conclusion
As a conclusion we would like to join all the data obtained from described stages and decide if they are enough to build the full 3D-distribution of all optical and geometrical parameters. As we mentioned above the data from MCVD stage is not applicable for this purpose, so this could be taken only as a draft, and at the final stage we need to substitute this by data received with preform profile analyzer. The only thing we have to take from the developed MCVD measurement system is preform deflection (at present this option is not included into conventional preform analyzers). So this method is rather useful as well as holographic method. Rare-Earth ions location setup has been developed and constructed and it gives the full information about erbium 3D-spatial distribution. The method of the air channel investigation is still being developed. It will be discussed in the future publications. The idea of joining all these data is shown below (Fig. 8) . There are a lot of well-known methods for 3D-visualization. The choice depends on the current application. If it is designed for the lab test we suggest to use MatLAB built-in function. Also it is possible to use scaled bitmap sequence to show the parameters changes at every single cross-section (Fig. 9) . At present the described approach is not universal, it has narrow application range in the field of special optical fibers (erbium doped fibers, panda-type fibers), and it is recommended to use this in combination with other techniques. Our set-ups allow to get information about the erbium oxide distribution inside the fiber preform, preform outer diameter during its fabrication process, the stress-rods geometry investigation set-up is now at the developing stage. The worldknown firms like Photon Kinetics produce preform investigation instruments, but their comparison with our schemes is not reasonable due to the different kinds of data they allow to obtain. For the detailed studies we recommend to use them both. According to our information, we described in literature the feature of the erbium oxide distribution investigation in optical fiber preforms for the first time.
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